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ABSTRACT
The capacity to develop and expand the utility of a single nanostructure is one of the major issues
in the field of hybrid nanocrystals. Major advancements in the fabrication of materials with
multiple functionalities by combining many materials into a single nanoparticle entity are
intriguing, but they still pose obstacles that must be addressed. This trend has been spurred by
significant progressions in the wet-chemical synthesis of durable and easily programmable
nanocrystals with various morphologies. The extent of the structural complexity of solution-based
nanocrystals looks to be one of the inevitable avenues along which nanoscience will increasingly
focus. We have sought different synthetic methods to synthesize α-NaYF4-TiO2 hybrid
nanocrystals based on the hypothesis that the tips of nanorods have higher reactivity which will
facilitate the nucleation of α-NaYF4 nanocrystals on those sites. The nucleation of TiO2 in presence
of α-NaYF4 nanocrystals produces nanocrystals with varying morphology including large low
aspect ratio nanorods, and smaller rod-shaped, branched, and diamond-shaped nanocrystals. Also,
the solid-state reaction between α-NaYF4 nanocrystals and TiO2 nanorods reveals the formation
of hollow α-NaYF4 nanocrystals. Transmission electron microscopy, powder x-ray diffractometer,
scanning electron microscopy, and energy-dispersive spectroscopy have been used to characterize
these materials.
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Chapter 1 - Introduction

1.1 Overview
The concept of nanotechnology was first introduced by Nobel prize winner Richard Feynman in
1959 in a speech during the annual meeting of the American Physical Society. He explained in his
talk that “it’s not nature that hinders the ability to work at molecular and atomic levels, but rather
it’s the absence of proper apparatus and techniques that hinders it.”2 The field of nanotechnology
greatly benefited from the invention of different kinds of spectroscopic techniques such as
scanning tunneling microscopy, atomic force microscopy, magnetic force spectroscopy, and
electrostatic spectroscopy. The ability to characterize nanomaterials was a driver for the
development of synthetic methods for nanomaterials and an understanding of the relations between
nanostructure and material properties.

Nanomaterials have at least one dimension in the range of 1 to 100 nm. Due to the small size,
nanomaterials have high surface area and exhibit size and shape-dependent electronic structure
and reactivity.1 The ability to manipulate the physio-chemical and optical properties by altering
the morphology and composition of nanocrystals through controlled synthesis has generated a lot
of interest in the last few decades.3 Several factors such as temperature, precursors, surfactants,
and catalysts can influence the size and shape of nanocrystals. spheres, cubes, rods, stars, disks,
and wires can be synthesized in gram-scale.4-6

Strategies for the manipulation of the nanocrystal surface include surface passivation with organic
molecules, polymers, ions, and shells or by controlled noble metal deposition.7 For example,
1

surface modification of nanocrystals by attaching polyethylene glycol (PEG) eases the absorption
of nanocrystals to distinct cancer cells for cancer therapy.8 Another example is the covalent
attachment of dyes - with or without a metal center - for light absorption. These materials are a
key functional component of dye-sensitized solar cells.9

Doping host nanomaterials with impurity ions is an important approach to adjusting their
optoelectronic properties, and has gained a lot of traction due to the ability to modify properties
for befitting applications.7 The presence of dopant atoms leads to additional electronic states
between the valence band (VB) and conduction band (CB) in semiconductor nanocrystals.10 There
are two types of doping – one is n-type doping where incorporation of dopant creates states near
CB, and another is p-type doping where dopant creates empty states near VB. The properties of
host nanomaterials are altered in both p-type and n-type doping. For example, doping TiO2 with
cobalt increased its electrical conductivity.11

Another approach to greatly enhance the properties of nanomaterials is the fabrication of hybrid
nanocrystals. A solid-solid interface between multiple domains is utilized to build colloidal hybrid
nanoparticles which enable improved properties and multi functionalities in hybrid nanocrystals
through synergistic properties between multiple domains.12 The major path to synthesizing hybrid
nanocrystals is to grow one of the nanoparticles on the surface of another nanoparticle in a
controllable manner. This process is known as heterogeneous seeded nucleation. As a result, the
crystal structures and the bonding inclination greatly rely on the characteristics of both materials.
To grow uniform hybrid nanocrystals, the conditions of growth must favor the heterogeneous
nucleation and it also must suppress homogenous nucleation. Because of their improved features
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and promising technical applications, such as solar cells, catalysis, sensors, bio labels, and
luminescent displays, semiconductor nanostructured composites have attracted a lot of attention.
In recent years, a lot of effort has gone into integrating semiconductor nanostructures with
appropriate materials to synergize their physio-chemical and optical properties. For example, It
has been reported by Cheng and co-workers that TiO2-ZnO hybrid nanocrystal exhibited enhanced
photocatalytic activity.13 The improved efficiency is a result of enhanced charge transfer and
appropriate structural design. So, by engineering proper hybrid nanocrystals, the physiochemical
and optoelectronic properties can be altered for the desired applications.

The goal of this project is to develop a robust all-inorganic fluorescent material that absorbs lowpower UV light and emits tunable visible light. Specifically, we propose TiO2-NaYF4(Ln) hybrid
nanocrystals in which TiO2 is the chromophore and NaYF4(Ln) is the emitter. The selection of Ln
concerning the bandgap of TiO2 is the basis for tunable visible emission. The NaYF4(Ln: Ln)
system has already found application in security printing14 and fingerprint detection;15 however,
these are based on upconversion luminescence that requires high power (NIR) light sources that
may limit practical use. Therefore, the use of low power, low-cost, and readily available (UV) light
excitation makes sense from a commercialization standpoint.

1.2 Rationale for NaYF4(Ln) as host matrix
A phosphor, also known as a luminous substance, is a solid material that, in addition to heat
emission, converts specific kinds of energy into electromagnetic radiation. It is primarily made up
of a host matrix and a luminous core known as the activator. The excitation energy is absorbed by
the activator, elevates to an excited state, and then emits radiation to return to its original state.

3

The absorption and emission features are determined by the characteristics of both the activator
ion and the lattice site.16 A host lattice absorbs incoming radiation and passes it on to the activator
ion. Rare-earth ions have been extensively examined in order to find the best activator ion to use
in conjunction with a host lattice.

Fluorides and other halides, oxysulfides, and oxides are usually used as host matrices for numerous
luminescence applications of lanthanide ions. The prerequisite for host materials to be ideal is that
the energies of lattice phonon must be low. That way, the radiation emission is maximized and the
nonradiative loss is mitigated. The phonon energies of heavy halides like chlorides, bromides, and
iodides

are

typically

less

than

300

cm-1,

but

their

hygroscopic

nature

limits

their usefulness. Although the chemical stability of oxides is well known, the energies of phonon
are documented to be relatively high, and it reaches up to 500 cm-1. Fluorides, on the other hand,
don’t have these limitations. They exhibit low phonon energies and have superior chemical
stability to other halides and oxides which enables them to be attractive host materials for
upconversion processes.17 NaYF4 has exhibited these ideal characteristics. As a result, they have
got the most preference as a host for transferring energy to lanthanide ions.

1.3 Rationale for TiO2 as sensitizer
Semiconductor nanocrystals have a unique bandgap as well as sub-band structures near the
conduction and valence bands. In order to excite the electrons from the ground state to the excited
state, the semiconductors must absorb light with energy equal to or greater than their bandgap
energy. Since the electrons in the excited aren’t stable, they come back to the valence band. As a
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result, the ratio of recombination events that lead to the emission of a photon is a measure of
photoluminescence in semiconductors.

Figure 1.1. Photoluminescence process in semiconductor nanocrystals. Usually, there are four
steps in photoluminescence (I—photo-excited process; II—band–band PL process; III—excitonic
PL process; IV—non-radiative transition process).18

TiO2 is one the most thoroughly investigated semiconductors among various semiconductors due
to its chemical stability, low toxicity, inexpensive cost (due to its natural abundance), and unique
optoelectronic properties.19 Anatase (tetragonal), brookite (orthorhombic), rutile (tetragonal), and
TiO2 (monoclinic) are the four most prevalent polymorphs of TiO2 found in nature. Furthermore,
because the Anatase phase has a slightly greater fermi level, it exhibits increased photo-reactivity.
With respect to NHE, the anatase phase of TiO2 has a Valence band of 2.77 eV, and a Conduction
Band of -0.43 eV which results in total bandgap energy of 3.2 eV.20 Due to the size quantization
5

effect, an increment in the bandgap energy of TiO2 is observed with the reduction of the size of
TiO2 materials. Also, it has been reported by Selloni that the (001) facet of anatase TiO2 exhibit
much better reactivity than the (101) facet of anatase TiO2 nanocrystals.21 Distinct surface energy
levels of the CB and VB are anticipated for different facets of TiO2 nanocrystals due to the atomic
configuration characteristic of the facets. The energy difference between CB and VB directs
electrons and holes to various crystal facets, resulting in photo-generated electrons and holes being
separated.

The utilization of luminescent active lanthanide ions in applications necessitates overcoming the
poor oscillator strength of the f-f transitions and luminescence quenching by the overlapping
vibrational frequencies of nearby ligands.22 It has been under investigation to find appropriate
coordination environments for luminescent active lanthanide ions that will facilitate the energy
feeding from a host to the lanthanide phosphors and prevent the quenching effect of excited
lanthanide ions from nearby ligands. Semiconductor can act as chromophores to facilitate the
transfer of energy from the excited state to lanthanide ions to mitigate the low molar excitation
coefficient and protects the Ln3+ luminophores from overlapping vibration frequencies from the
adjacent ligand.23-26 Among a myriad of semiconductors, TiO2 has been employed on numerous
occasions to sensitize Ln3+ luminophores as host matrix.27-29

1.4 Rationale for the proposed NaYF4-TiO2 hybrid nanocrystals
The low photoluminescence brightness of lanthanide-based nanomaterials due to the poor
absorption of direct light has been its Achilles heel.30 The molar absorption coefficients of Ln3+
luminophores are less than 10 Lmol-1cm-1 which results in poor absorption of radiation by 4f-4f
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transitions. To tackle the problem of low emission brightness, many approaches have been
explored, such as the development of complex-core/shell and combining with organic molecules,31
plasmonic nanoparticles,32 or semiconductor nanocrystals33 which have better absorption
properties.

Our choice for the selection of NaYF4 as the host matrix is because of its well-documented low
lattice phonon energies which improve the brightness of luminescence emission and mitigate the
nonradiative loss. Although heavy halides have low phonon energy, their hygroscopic nature limits
their use. Also, even though oxides show superior chemical stability, their high phonon energies
limit their ability as hosts.

The main purpose of our investigation is to develop hybrid nanocrystals where TiO2 absorbs in the
UV region and causes the emission of NaYF4(Ln) in the visible region to avoid the use of high
power (NIR) light sources. The role of TiO2 as a sensitizer for Ln3+ luminophore has been
extensively studied by Mukherjee et al.

34

In this study, they have observed sharp luminescence

emission for Yb3+, Er3+, Eu3 +, Tm3+ , Ho3+, Sm3+, and Nd3+ ions from the sensitization of TiO2.
But no such luminescence emission was observed for Gd3+, Dy3+, Pr3+, and Tb3+. Their evaluation
of excitation spectra reveals a broad 350nm peak which has been considered as evidence for the
operation of an optical antenna effect, with no major contributions from direct sharp 4f-4f
transition emission. The optical antenna effect is especially noticeable in the sensitization of Sm3+
and Nd3+ by TiO2. But the TiO2 sensitized luminescence of Eu3+ and Yb3+ was 100-200 times
weaker. Also, TiO2 sensitized luminescence emission band of Er3+, Tm3+, and Ho3+ exhibits
interesting features due to the existence of several luminescent states. The data from all their
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luminescence experiments indicated a photophysical mechanism in which the Ln3+ works as a trap
site for electron and hole colocalization. Also, the generation of an excited state in lanthanide ions
is highly dependent on the ability of Ln3+ ions to capture the holes and electrons within a short
period to compete with other nonradiative processes. From figure 1.2, it can be understood that the
VB and CB positions of lanthanide ions in comparison to VB and CB of semiconductor are vital
for effective sensitization of lanthanide ions by the semiconductor.

Figure 1.2. Schematic energy level diagram shows the key processes for the realization of host
sensitized Ln3+ luminescence in semiconductor nanoparticles. The dashed arrows indicate
processes for charge carrier trapping and detrapping at Ln3+ sites, the vertical arrows indicate
radiative processes, and the squiggly arrows show nonradiative recombination processes.
Reprinted with permission from ref. 34. Copyright (2016) American Chemical Society.

The energy levels of the lanthanide ions (Ln = Pr, Ho, Er, and Tm) that contribute to visible or
near-infrared emission were compared to the band edge energies of TiO2 nanoparticles (Figure
8

1.3). Here, the difference in energy between the VB of TiO2 and the ground state of lanthanide
ions influences the efficiency of hole trapping, and the difference in energy between the CB of
TiO2 and the excited state of lanthanide ions influences the efficiency of electron trapping. So, the
ideal energy offset values are considered those where the effective hole and electron colocalization
can be achieved.

Figure 1.3. Energy level schemes for the Ln3+ [Ln = Pr (a), Ho (b), Er (c), Tm (d)] ground and
excited states were compared to the valence and conduction band of the sensitizer TiO2. Here, the
valence band has been set to zero and the conduction band has been placed at 3.54 eV. Reprinted
with permission from ref. 34. Copyright (2016) American Chemical Society.

1.5 Non-hydrolytic sol-gel method of nanocrystal synthesis
Nonhydrolytic sol-gel approaches have been developed since the early nineties, with the goal of
eliminating the issues associated with the traditional aqueous sol-gel by radically altering the
reactions and reaction media.35 The nonhydrolytic sol-gel technique is currently widely used to
fabricate metal oxide nanomaterials and silica-based nanostructures. Nonhydrolytic sol-gel
process, unlike the hydrolytic sol-gel process, forms an oxide network with oxygen donated by
9

carboxylic acids, alkoxide, ether, or alcohol (organic oxygen donor molecule).36 Because the
reactions in the non-hydrolytic sol-gel process cleave O–C bonds rather than O–H bonds, they are
much slower in non-aqueous media, allowing for more manipulation over the composition,
morphology, and surface of the synthesized metal oxides.37 The primary aspect of this method is
that it produces uniform nanocrystals and highly porous oxides at low temperatures. In the
manufacture of mixed oxides, nonhydrolytic condensation reactions take more time to get
completed than hydrolytic condensation reactions. Due to this characteristic of nonhydrolytic
condensation reactions, they give mixed oxides with a better degree of condensation and their
surface stays free of hydroxyl. Because the nature of the carbon core, rather than the metal center,
governs reaction rates, the reactivity of various metal precursors is controlled in the same way.36
even though features of the final product are unpredictable in the non-hydrolytic sol-gel process
due to numerous numbers of organic reactions taking place, by altering the types of oxygen donor
molecule and precursor, the ability to modify the reaction systems can be enhanced. Due to
increased demand in the application of catalysis, optics, and energy storage, the non-hydrolytic
sol-gel method should be developed more.

Nonhydrolytic sol-gel strategies were originally intended to produce bulk oxides. The fabrication
of oxide nanoparticles has been a key use of nonhydrolytic sol-gel chemistry since the
investigation by Colvin et al.38 The reaction of chloride precursors with alkoxide oxygen donors,
for example, has been studied as a nonhydrolytic approach.39 An effective approach, pioneered by
Niederberger and colleagues, is the reaction of benzyl alcohol with metal halide precursors.40 At
high temperature, the reaction between alkoxide precursors and metal chloride yielded TiO2 and
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ZrO2.,41,42 Nanocrystal shape also manipulated by using carboxylic acids,43 and hydrofluoric acid44
as surfactants to stabilize the anatase {001} face.

Usually, nonhydrolytic oxide nanoparticles are capped with organic compounds associated with
solvent, precursors, or oxygen donors. Apart from passing hydrophobic nature to the nanoparticles,
the energy of the surface of metal oxide clusters is reduced by the organic groups, which
encourages nucleation and enhances their colloidal soundness.45 Anisotropic shapes are gained in
the synthesis when organic groups are capped to certain crystal faces and control the crystal
growth.46

1.5.1 Proposed synthesis of TiO2
Polyol reactions,47 sonochemical syntheses,48 and sol-gel reactions49 have all been used to
synthesize TiO2 nanocrystals. Due to the high reactivity of the titanium precursors, such as TiCl4
and titanium alkoxides, it was necessary to regulate the reactivity of the precursors to
synthesize high-quality TiO2 nanocrystals. The synthesis of uniform TiO2 nanocrystals in a variety
of shapes by refluxing reaction mixtures containing various Me4NOH to titanium alkoxide ratios
was reported by the Moritz group.45 But due to having low concentrations of titanium precursors,
they produced an only a small amount of TiO2 nanocrystals. Also, transition metal oxide
nanocrystals have been successfully fabricated using nonhydrolytic sol-gel processes. Colvin et
al.38 also sought nonhydrolytic sol-gel route to synthesize TiO2 nanocrystals through the
elimination of alkyl halide. Cheon et al.50 used the elimination of alkyl halide reaction to control
the shape of TiO2 nanorods by removing a high-energy facet with the help of a surfactant. They
have also used the acyl halide elimination route to produce metal oxide nanorods including TiO2
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via a reaction between oleic acid and metal halide.51 However, because of the extreme acidity of
the Ti4+ cation in titanium (IV) halide precursors, this alkyl halide elimination approach has some
inherent limitations in the production of high-quality nanocrystals. Because the coordinating
ligands utilized in nanocrystal formation are Lewis bases, these extremely acidic Ti(IV) species
can engage with them via Lewis acid-base interactions. These interactions then compete with the
nonhydrolytic sol-gel synthesis of metal oxides, which is a major limitation to regulating the size
and form of TiO2 nanocrystals and achieving large-scale production.

Because of their unique features derived from low dimensionality and size quantization effect,
one-dimensional (1-D) nanocrystals such as nanorods and nanowires have received considerable
attention. For our project, we’ve sought the synthetic routes published by the Hyeon group using
titanium (IV) isopropoxide and oleic acid via ester elimination to produce multigram quantities of
TiO2 nanorods according to the reactions (1) and (2) below.52

(1) Ti-OPri + HOOC(CH2)7CH=CH(CH2)7CH3  TiOH + PriOC(=O)(CH2)7CH=CH(CH2)7CH3
(2) TiOH + OHTi  TiO2+H2O

The rod-shaped TiO2 nanoparticles produced have a large surface area, and reactive tips, and
enable photo-generated electrons to travel freely along the length of the rod, lowering the rate of
recombination. Therefore, we have chosen this synthetic route for our investigation to produce
rod-shaped, high crystalline anatase phase TiO2.

1.5.2 Proposed synthesis of α-NaYF4 nanocrystals
12

The majority of NaYF4 UCNC synthetic methods fall into one of three classes: thermal
decomposition,53 hydrothermal/solvothermal methods,54 and co-precipitation.55 The desired
nanoparticle size, phase, and shape, as well as the requisite particle size uniformity, determine the
selection of the synthetic process. A coprecipitation approach was used to synthesize Ln3+-doped
-NaYF4 UCNC for the applications of security printing by May et al.14, 55 In this method, hexagonal
nanocrystals that are typically 60 ± 7 nm across the hexagonal face were produced by injecting
lanthanide precursors into hot oleic acid/octadecene solution with NaF. Because of the lowered
surface-to-volume ratio, the fairly "big" UCNCs have improved brightness, making this approach
ideal for its use in security printing.

Nanocrystals of uniform size are commonly required for biological sensing, medicinal
applications, and core photophysical investigations. The first widely used approach for reliably
manufacturing small, monodisperse NaYF4 UCNCs was the thermal decomposition of mixed
metal trifluoroacetate. Both α-phase and β-phase nanocrystals were synthesized using the thermal
decomposition method by the Mai group.56-57 They discovered that the reactions occur through a
delayed nucleation mechanism, in which the breakdown of trifluoroacetate, which results in a
significant concentration of NaF, slows the nucleation of α-phase NaYF4 nanocrystals. The
regulated release of the fluoride precursor has been regarded to be a crucial factor in ensuring
monodispersity. An α-phase intermediate was also revealed to be involved in the formation of βNaYF4 nanocrystals.

Using lanthanide chlorides, NaOH, and NH4F as precursors, Zhang et al.54 developed a
modification of the coprecipitation process able to generate β-NaYF4 nanocrystals with a uniform
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size distribution.58-59 In this process instead of hot injecting the lanthanide precursors, all the
precursors and solvent were mixed up in the reaction vessel before the heat up. Also, the fluoride
stays segregated in the solid state during the whole reaction which results in monodispersity in
particle size and shape. The method works by forming small α-phase particles, which then
transform into the larger β-phase particles.

A reaction mechanism includes the production of small α-phase UCNCs, which are then
transformed into bigger β-phase UCNCs, which has been postulated for all three ways, thermal
decomposition, hydrothermal, and coprecipitation.60-62 The ability of the first and second
methodologies to analyze the rate at which the α-phase to β-phase transition unfolds is limited due
to the inability to handle hot and air-sensitive materials, and multiple synthesis steps respectively.
But, the coprecipitation method developed by Zhang et al.54 with little modification has been
monitored in real-time by May et al.63 We can now easily pinpoint the well-defined period during
which the α- to β-phase transition is completed as a result of this investigation. They found that
after the reaction temperature reaches 300°C, the α-phase particles were present for 37mins. After
that, a rapid transition to the β-phase was observed. Since the formation of α particles are well
characterized and easily reproducible in this process, we have chosen this method for the synthesis
of α-NaYF4 nanocrystals in our experiment.

1.6 Hybrid nanocrystals
The fabrication of hybrid nanocrystals (HNCs), which are made up of two or more domains
coupled by nanointerfaces and have unique characteristics that single-component nanosystems
can't replicate.64 Many of nanotechnology's bottom-up approaches would benefit from the
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synthesis of nanomaterials, in which multiple units, each with its own set of physio-chemical and
optoelectronic properties, and morphology, may be merged into a single nano-object. Multiple
domains are connected in a designed way to increase complexity, and thus utility, in these
structures. Complex NCs, consisting of two or more inorganic materials, are now being
manufactured regularly.65-68 For example, in core/shell NCs, the nanocrystal core is covered with
an extra layer of inorganic material for a variety of applications. Not only the robustness of the
core is increased, but also the efficiency of fluorescence is increased by utilizing the shell.69-70
Molecules also get another surface where they can adhere themselves easily.69 Recently, a lot of
complex synthetic methods for hybrid NCs have been developed to get better control on the size
and shape of nanoparticles. For instance, the synthesis of heterodimer where two sub-units from
two distinct materials (one is a fluorescent material and another is magnetic material) used a
common facet to fuse together.70 Also, subunits from metals such as gold or semiconductor
materials were used to grow on tip of the semiconductor to form dumbbell-shaped NCs.71 Also,
there has been a report of using different types of semiconductors to form branched NCs.72

It's evident that this new generation of hybrid NCs could be a game-changer when it comes to
nanoscale building blocks. The biological applications of luminescence nanocrystals are well
known in sensing and detection.73-74 Also, magnetic nanoparticles are well known for their
applications in drug delivery, detection, and cell separation.75-77 So, a fusion of these two materials
with unique properties in a single nanostructure would be always beneficial. So, a lot of work has
been done on this topic, for example, hybrid NCs were made consisting of bio-conjugated
fluorescent molecules and nanomaterials implanted in capsules of silica.78 Using ligands, magnetic
nanocrystals were linked to fluorescent nanocrystals.81 But, a better methodology would be using
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colloidal synthesis processes to synthesize hybrid NCs. That way, the morphology of
nanostructures can be controlled. Also, they will be able to maintain their distinct properties in the
hybrid nanocrystal.79

Optoelectronic and photovoltaic applications would benefit from hybrid NCs made of
semiconductor materials. The high efficiency of recombination rate can be achieved through
careful choice of complementary semiconductor sub-units with different bandgaps but at the
interface, the energy bands are aligned appropriately, which results in trapping of charge carrier in
certain areas of semiconductor. Highly efficient redox reactions can be performed by photoinduced electron-hole pairs using certain areas of metal oxide where other nanocrystal parts of
metals are mixed, which could lead to useful applications in catalysis. Thus, as the complexity of
the nanocrystals are increases, their applications in the field of photovoltaic, bio-medical, and
optoelectronic will scale up also. As the complexity of nanocrystals grows, so will their
applications in photovoltaics, biomedicine, and optoelectronics

1.6.1 Synthesis of core-shell hybrid NCs
Due to reaction conditions in the synthesis of NCs consisting of more than one material, a broad
interface can be detected between two materials due to almost identical lattice constants and low
interfacial energy. As a result of these conditions, core-shell hybrid NCs are formed where the
symmetry stays the same for the core structure even though it gets enveloped by a shell comprised
of another material. The main goal of the synthesis of these types of hybrid NCs is to facilitate the
nucleation of shells heterogeneously on the surface of prefabricated cores and also prevent
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unwanted separate nucleation of the second material. The precursor for the shell is injected slowly
at low temperatures into the cores to achieve this goal.83

Figure 1.4. Schematic diagram of possible mechanisms leading to hybrid NCs.79 Reproduced from
Ref. 79 with permission from the Royal Society of Chemistry.

Various techniques have been employed to facilitate the growth of the shell, such as I) necessary
precursors for the shell are all co-reacted (figure 1.4, path 1)80; II) reacting with appropriate
reagents to convert the outermost part of the core to shell which is known as replacement redox
process (figure 1.4, path 2)81; III) An originally irregular shell undergoes thermally
influenced annealing (figure 1.4, path 3).82 Due to diverse mechanisms that can be used to
facilitate the growth of shells, heterostructures are successfully formed through mixing and
matching of different types of semiconductors, oxide, fluorescent, magnetic materials, and metals.
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Nanocrystals of the core-shell type have been developed for a variety of applications so far.
Fluorescent semiconductor NCs are the most prevalent type of examples found in the literature.
One potential setup is the one where the band alignment at the heterojunction of the hybrid
nanocrystals is such that the energy levels of the core material's valence and conduction band edges
are placed within the bandgap of the shell material. The outer shell of a higher bandgap material
improves the durability and luminescence (PL) property of the core in multiple semiconductors
are well-known examples.65, 67

1.6.2 Synthesis of hybrid NCs from rod-like seeds
Cadmium chalcogenide NCs may be synthesized in rod-like or branched topologies with a great
degree of control. Basal facets (tips of rods or tetrapods) can grow at a significantly faster rate
than lateral facets with the use of appropriate surfactants. For example, pure TOPO was not an
ideal surfactant for the growth of rod-like CdSe since the growth occurs too rapidly in all three
dimensions. So, addition of hexyl-phosphonic acid controls the growth rate as well as the shape of
nanocrystals. As a result, the c-axis becomes the predominant growth pathway, resulting in the
formation of wurtzite.85 Branching can also appear in arrangements like tetrapods, where multiple
rods are connected at a core where the rods and core share a common crystal facet.86 Nucleation
of a second material at basal facet sites becomes an option due to the increased reactivity of such
anisotropic NCs' basal facets. In a particular rod, the two basal tips are not functionally similar
since the c-axis doesn't have a plane of symmetry at its right angle.83 So, the two tips have
significantly different reactivity.
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Figure 1.5. Schematic representations for possible mechanisms causing hybrid NCs from rod-like
seeds.79 Reproduced from Ref. 79 with permission from the Royal Society of Chemistry.

The reaction conditions can be altered so that a second material can be grown linearly or branched
fashion on top of nanorods or tetrapod like structure. In figure 1.5, some of the possible
arrangements are shown. One rod can be grown in both directions of tips (Figure 1.5, path 1), or
grown in one direction of tips but branching occurs at the opposite side (Figure 1.5, path 2), or one
(Figure 1.5, path 3) or two (Figure 1.5, path 4) domains grow itself to the tips of nanorods, or a
hybrid NCs with dumbbell-shaped (Figure 1.5, path 5) can be turned into matchstick structure
(Figure 1.5, path 6), or all four nanorod tips can be attached with nanosphere (Figure 1.5, path 7)
by just altering the synthesis conditions. Paths 1 and 2 have been demonstrated for hybrid CdSCdTe and CdS-Cdse nanocrystals.72 One or both tips of CdS nanorods have been functionalized
with PbSe using paths 3 and 4.87 Also, using path 5 gold was grown on both tips of the
semiconductor nanorod. 88 After this work, it was found that the dumbbell shape is an intermediate
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that can be turned into a heterostructure where only one tip is functionalized (Figure 1.5, path 6).
Here, Ostwald ripening occurs in both tips.

89

Because it has a lower surface energy and is less

prone to oxidation, the larger gold tip is more stable than the smaller tip. Then, the atoms on the
smaller tip dissolved in the solution again by oxidation of atoms to metal ions to facilitate growth.
The electrons that were liberated in this process traveled across to reach a larger tip. Once they
do, the gold ions that were present in the liquid are reduced. As a result, the tips grow by deposition
of metals. This method could be particularly useful for generating sophisticated hybrid
nanocrystals.

Manna et al. studied the effect of organic surfactants on the surface of CdSe nanoparticles using
ab initio calculations.90 Their study reveals that the binding energies of surfactants to different
facets influence the growth of nanocrystals in a certain direction. Kudera et al. exploit the higher
reactivity of tips of CdSe nanorods to grow the PbSe domain.87 In the synthesis, CdSe nanorods
were prepared by using octadecylphosphonic acid as a surfactant for growth along the c axis. Then
the precursors for Pb and Se, and solvents were injected into the solutions of CdSe nanorods
dissolved in diphenyl ether. The selective growth of PbSe on CdSe nanorods was achieved at
130°C. Based on this result, we propose to test the hypothesis that injection of TiO2 nanorods into
a solution of Na, Y, and F precursors will lead to the growth of NaYF4 on the tips of TiO2 nanorods.

Chen et al. Synthesized Ag@CdS hybrid nanocrystals where they first synthesized Ag seeds and
then injected them in growth solution for CdS nanorods.91 In this approach, a controllable release
of sulfur prevents the sulfurization of Ag seeds and enables epitaxial growth of the metal
chalcogenides. So, thermodynamically, heterogeneous nucleation and growth was preferred in
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preformed seeds over homogeneous nucleation and growth in solution. Based on this result, we
expected nucleation and overgrowth of TiO2 on the preformed seeds of α-NaYF4 will occur upon
injection of α-NaYF4 seeds into a solution with precursors for TiO2.

1.6.3 Solid-state reaction between nanocrystals
One of the earliest, simplest, and most often used processes for producing inorganic solids is solidstate reactions among particles of micrometer size. These solid-state reactions are extremely slow
because the precursors are very nonuniform at the atomic scale, despite being "well-mixed" at the
macroscopic level. In addition, the products from these solid-state reactions are bulk powders that
cannot be integrated into devices. So, replacing micrometer size particles with nanoparticles will
reduce the size of the precursors which causes a reduction of reaction time. Also, the morphology
of the products obtained from the solid-state reaction between nanoparticles are well controlled
and can be utilized in a variety of applications.92

A solid-state reaction can occur when molecular precursors or NCs and molecular precursors are
utilized as reagents. For example, Sra et al.93 used Au and Cu NCs to produce Au-Cu and AuCu3
that were atomically ordered. Buonsanti et al.94 found that the reaction of Cu and Fe3O4 NCs,
generates CuFe2O4 NCs, and Fe3O4 NCs control their size and shape. The reactions between Cu
NCs with other binary metal oxide NCs effectively formed ternary oxide NCs.94-96 These
discoveries prompted us to investigate the hypothesis that the solid-state reaction between presynthesized TiO2 nanorods and α-NaYF4 nanocrystals leads to hybrid nanocrystals.
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The meticulous design of diverse shaped hybrid NCs by fusing different functionalities has the
potential to progress greatly in the realms of optoelectronics, biological sciences, photoelectric
solar cells, and photocatalysis. Usually, in the formation of hybrid nanocrystals, one particle
crystallizes on the surface of another particle because it’s thermodynamically favorable for
heterogenous nucleation in a predetermined site rather than homogenous nucleation. Also, during
the growth event, the energy barrier is higher for homogenous growth than for heterogeneous
seeded growth.97 This fundamental thermodynamic concept, along with other parameters such as
solvents, reagents, surfactants, and temperature must facilitate the decomposition of reagent,
growth of the preferred material, and doesn’t allow aggregation of initial seed particles controls
the probability of the formation of interfaces between two materials. The lattice mismatch between
materials should also be considered in the engineering of hybrid nanocrystals. The good lattice
match between two materials mitigates the misfit strain and allows the formation of coherent
interfaces.64 In 2008, Tian et al.98 hypothesized that a shell could be grown around the core through
epitaxial seeded growth if the lattice mismatch is below 5%. Later, it was discovered that the
endurance of lattice mismatch can be enhanced above this suggested threshold value under strictly
controlled reaction parameters. For example, even though the lattice mismatch was 7.1% and
11.4% for Pd@Cu and Au@Cu hybrid nanocrystals, they were formed using a unique epitaxial
growth mechanism.99-100 Also, Talapin et al.101 reported that even at a lattice mismatch of 45.5%
a cubic PbS shell was grown around the Au core by injecting the precursors of Pb and S into a
solution of Au NCs dispersed in toluene. Therefore, for a new breed of NCs to be genuinely
accessible in commercial applications, a substantial advancement in materials engineering is
required.

22

Chapter 2 – Experimental
2.1. Materials and reagents
The synthesis of all nanomaterials was performed using the Schlenk line technique under inert
conditions by using N2 gas. Titanium(IV) tetra isopropoxide (TTIP) and methanol were obtained
from Acros Organics. Yttrium acetate tetrahydrate (Y(CH3CO2)3.4H2O), and ammonium fluoride
(NH4F) were obtained from Alfa Aesar. Oleic acid (97%, Fisher Catalog No. A195-500),
octadecene (ODE; 90% technical grade, Fisher catalog No. AC12931-0025), sodium hydroxide
(NaOH), isopropanol, and hexanes were obtained from Fisher and used without further
purification.

2.2 Instruments used
2.2.1 Transmission Electron Microscopy
Transmission electron microscopy (TEM) data were obtained using a Tecnai Spirit G2 Twin (FEI
Company) fitted with LaB6 filament operated at 120 kV. Samples were dispersed in hexanes, then
drop cast onto carbon film (20-30 nm) on a 200 mesh copper grid (Electron Microscopy Sciences).
Electron micrographs were obtained by projection onto a Gatan Orius SC200 CCD or Gatan Rio16
CMOS Digital Camera and recorded with DigitalMicrograph software.

2.2.2 Powder X-ray Diffraction (XRD)
Powder X-ray diffraction (XRD) data were collected using the Rigaku Ultima IV instrument. Cu
α radiation (λ = 1.54 Å) was generated by the X-ray tube, and the data was collected by setting the
generator to 44kV and 44mA. Using step size 0.02°, only the diffraction pattern for TiO2 was
collected from 10-80 (2 theta) while the diffraction pattern for the rest of the samples was collected
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from 20-80 (2 theta). Using a hexanes/isopropanol solvent/nonsolvent pair, nanoparticle samples
were purified three times after precipitation/re-dispersion. The solvent was removed in a vacuum
from the purified dispersion in hexanes, leaving a dry powder suitable for diffraction studies.

2.2.3 UV-Visible spectroscopy
Varian Cary 50 operating with xenon flash lamp using a wavelength of 200-800 nm was used to
collect absorption data. The sample was prepared by dispersing TiO2 in hexane.

2.2.4

Scanning

Electron

Microscopy

(SEM)

and

Energy-Dispersive

Spectroscopy (EDS)
Data were collected using a Zeiss SIGMA FE-SEM with secondary electron detector and an
Oxford Instruments X-MaxN 50 EDS probe. The secondary electron detector was used to produce
micrographs with an accelerating voltage of 2 kV or 4 kV. Nanocrystal samples were dropcast
from their hexanes dispersion onto the polished surface of a Si wafer (~7 mm x 7 mm) and attached
to the sample stub with carbon tape.

2.3 Preparation of rod-shaped anatase TiO2 nanocrystals
A non-hydrolytic ester elimination reaction as reported by the Hyeon et al.52, was adopted for the
preparation of anatase TiO2 nanorods. 52.5 g of oleic acid (OA) was taken into a 500 mL threeneck flask. The OA was evacuated and then heated to 110°C for 1 h to remove volatiles. After the
removal of volatiles, at room temperature 60 mmol of TTIP was added to the three-necked flask.
This reaction mixture was heated to 270°C at a 10°C/min rate using a temperature controller and
kept at this temperature for 2 h. The reaction was allowed to cool to room temperature, and 120
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mL isopropanol was added to induce flocculation. The mixture was subjected to centrifugation at
3500 rpm for 8 min. The supernatant was discarded, and the precipitate was redispersed upon
adding hexanes (60 mL). To this dispersion 30 mL of isopropanol was added. This was centrifuged
at 11000 rpm for 3 min and the supernatant was decanted away. The precipitate was redispersed
30 mL hexanes.

2.4. Preparation of cubic α-NaYF4 nanocrystals
Upconversion nanocrystals (UCNC) of α-NaYF4 were prepared by using the modified version of
the synthesis route published by Zhang et al.56 and May et al.58,

63

1.60 mmol (541 mg) of

Y(CH3CO2)3.4H2O was taken in a 100 mL three-neck flask with 12 mL of OA and 30 mL OD.
The reaction mixture was evacuated and heated to 120°C for 30 min to remove volatiles. In a
separate flask, a solution of 5 mmol (200 mg) NaOH and 8 mmol (296 mg) of NH4F in 20 mL
methanol was magnetically stirred for 15 min. This mixture was added to the yttrium precursor
solution in the three-neck flask at room temperature. The reaction mixture was evacuated at room
temperature for 15 min, then the temperature was raised to 60°C and evacuated for a further 15
min to remove methanol from the solution. After the evacuation of methanol, the reaction mixture
was heated to 300°C at a rate of 10°C/min under N2. The temperature was kept at 300°C for 15
min to produce α-NaYF4. The reaction was allowed to cool to room temperature. 10mL of product
was taken into 50 mL conical centrifuge tubes and 20 mL isopropanol was added. The mixture
was subjected to centrifugation at 3500 rpm for 8 min. The supernatant was discarded, and the
precipitate was redispersed upon adding 10 mL of hexanes in each centrifuge tube.

2.5. Nucleation of α-NaYF4 in presence of TiO2
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1.60 mmol (541 mg) of Y(CH3CO2)3.4H2O and 1.60 mmol of TiO2 dispersed in hexane were taken
in a 100mL three-neck flask with 12 mL of OA and 30 mL OD. The reaction mixture was
evacuated and then heated to 120°C for 30 min to remove volatiles. In a separate flask, a solution
of 5 mmol (200 mg) NaOH and 8 mmol (296 mg) of NH4F in 20 mL methanol was magnetically
stirred for 15 min. This mixture was added to the yttrium precursor solution in the three-neck flask
at room temperature. The reaction mixture was evacuated at room temperature for 15 min, then
the temperature was raised to 60°C and evacuated for a further 15 min to remove methanol from
the solution. After the evacuation of methanol, the reaction mixture was heated to 300°C at a rate
of 10°C/min under N2. The temperature was kept at 300°C for 35 mins to produce α-NaYF4@TiO2
nanocrystals. The reaction was allowed to cool to room temperature. We have taken 10 mL of
product in each centrifuge tube and 20 mL isopropanol was added. The mixture was subjected to
centrifugation at 3500 rpm for 8 min. The supernatant was discarded, and the precipitate was
redispersed upon adding 10 mL of hexanes in each centrifuge tube.

2.5.1 Hot Injection of TiO2
We followed the procedure described in section 2.5 with the variation described herein: The
reaction mixture (from which methanol had been evacuated) was heated to 300°C at a rate of
10°C/min under N2. At 250°C, 1mmol of TiO2 dispersed in oleic acid was injected to the mixture.
The temperature was kept at 300°C for 45 min then allowed to cool to room temperature. The
reaction was allowed to cool to room temperature. 10mL of product was taken in each centrifuge
tube and 20 mL isopropanol was added. The mixture was subjected to centrifugation at 3500 rpm
for 8 min. The supernatant was discarded, and the precipitate was redispersed upon adding 10 mL
of hexanes in each centrifuge tube.
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2.5.2 Fluorine deficient Nucleation of NaYF4 in presence of TiO2
We followed the procedure described in section 2.5, except that the amount of NH4F was 7 mmol.
After the reaction was completed, the reaction was allowed to cool to room temperature. 10mL of
product was taken in each centrifuge tube and 20 mL isopropanol was added. The mixture was
subjected to centrifugation at 3500 rpm for 8 min. The supernatant was discarded, and the
precipitate was redispersed upon adding 10 mL of hexanes in each centrifuge tube.

2.5.3 Nucleation of NaYF4 in presence of TiO2 for 2.5 h
The procedure described in section 2.5 was performed with the exception that the 300°C
temperature soak time was 2.5 h (instead of 35 min). The reaction was allowed to cool to room
temperature. Then 10 mL of product was taken in each centrifuge tube and 20 mL isopropanol was
added. The mixture was subjected to centrifugation at 3500 rpm for 8 min. The supernatant was
discarded, and the precipitate was redispersed upon adding 10 mL of hexanes in each centrifuge
tube.

2.6. Nucleation of TiO2 in presence of NaYF4
0.875 g of oleic acid (OA) and 1 mmol of α-NaYF4 were taken in a 100 mL three-necked flask.
Then, to remove volatiles, OA was heated to 110°C and vacuumed for 1 h. After the removal of
volatiles, at room temperature 1 mmol of TTIP was added to the three-necked flask. This reaction
mixture was heated to 270°C at a 10°C/min rate using a temperature controller and kept at this
temperature for 2 h under a reflux condenser. The reaction was allowed to cool to room
temperature. We have taken 5mL of product in centrifuge tube and 10 mL isopropanol was added.
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The mixture was subjected to centrifugation at 3500 rpm for 8 min. The supernatant was discarded,
and the precipitate was redispersed upon adding 10 mL of hexanes in each centrifuge tube.

2.7. Solid-state reaction between TiO2 and α-NaYF4 at various temperatures
1 mmol of TiO2 and 1 mmol of α-NaYF4 dispersed in hexane were taken in a 100 mL three-necked
flask to evacuate hexane at 60°C. Then, the solid mixture was heated to 100°C, 150°C, 200°C,
250°C, and 300° in five different reactions and kept at those temperatures for 1 h. After the
completion of solid-state reactions, they were dispersed in 5 mL hexane and 10 mL isopropanol
was added to induce flocculation. The mixture was subjected to centrifugation at 3500rpm for 8
min. After discarding the supernatant, they were redispersed again in 5 mL hexane.
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Chapter 3 – Results and Discussion
3.1 Synthesis and characterization of rod-shaped anatase TiO2
By following the synthesis route published by the Hyeon et al.52, both TiO2 nanorods and
nanospheres were prepared in different sizes and shapes.94 To separate nanorods from the mixture
of nanorods and nanospheres, we used the selective precipitation method. The isolated product
was then dispersed in hexane. We used transmission electron microscopy (TEM), Powder X-ray
diffraction (PXRD), and UV-visible spectroscopy to determine the morphology, crystalline
structure, and optical properties of TiO2. In figure 3.1 we can see the rod-shaped nanocrystals after
the selective precipitation method was done. Using ImageJ software, the length and diameter of
oleic acid stabilized TiO2 nanorods were determined to be 39.3 ± 10.4 nm and 3.1 ± 0.7 nm.

Figure 3.1. The images of TiO2 nanorods were taken using transmission electron microscopy
(TEM). The scale is bar 100nm (left) and 50nm (right).
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A powder X-ray diffractometer was used to determine the crystalline nature of TiO2 nanorods. In
figure 3.2, the (101), (004), (200), (105), (211) and (204) plane of anatase TiO2 belongs to the
diffraction peak observed at 25.32°, 38.18°, 48.01°, 54.34°, 54.04°, and 62.93° (2θ) respectively.
The diffraction peak at 25.32° (2θ) for the (101) plane belongs to anatase TiO2 (JCPDS file 211272). Also, the relative higher intensity of the (004) crystal facet at a diffraction peak of 38.18°
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Figure 3.2. Powder X-ray diffraction peaks of rod-shaped TiO2 nanocrystals.

The TiO2 nanorods dispersed in hexane is the light-yellow colored solution. The UV-visible
spectrum of TiO2 shows that it only absorbs in the UV region. In figure 3.3, diluted TiO2 has two
absorption peaks at 237 nm and 279 nm due to ligand to metal charge transfer (LMCT). Also, due
to the small diameter of the nanorods, the absorbance of these long TiO2 nanorods occurs at a
lower wavelength than that of bulk anatase TiO2 (size quantization effect).
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Figure 3.3. UV-vis spectrum of TiO2 nanorods.

3.2 Synthesis and characterization of α-NaYF4
α-NaYF4 nanocrystals were prepared by using the modified version of the synthesis route
published by Zhang et al.95 and May et al.58, 63 In this synthetic route, narrow size distribution of
small α-NaYF4 was observed. The thermodynamic driving force can cause a phase transition from
the metastable cubic α-particles to the more stable hexagonal β-particles if the reaction time
is elevated. So, to prevent the formation of β-NaYF4, the reaction time was kept short. After
completion of the reaction, the nanocrystals were washed with isopropanol three times, then they
were redispersed in hexane. The α-NaYF4 nanocrystals dispersed in hexane were characterized
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using TEM and powder XRD. (Figure 3.4) shows TEM images of α-NaYF4 nanocrystals. The
diameter of the synthesized α-NaYF4 nanocrystals was determined to be 6.1 ± 2 nm using ImageJ
software.

Figure 3.4. TEM images of α-NaYF4 nanocrystals. The scale bar is 50 nm (left) and 20 nm (right).

Powder XRD was used to determine the crystalline nature of α-NaYF4 nanocrystals (Figure 3.5).
The characteristic planes (111), (220), and (311) of α-NaYF4 nanocrystals were observed with
diffraction peaks of 28.14°, 46.79°, and 55.49 (2θ). Also, the unreacted villiaumite (NaF) gave rise
to diffraction peaks at 38.84°, 56.09°, and 70.32 (2θ) for planes (200), (220), and (222). Due the o
shorter reaction time, NaF remains unreacted in the solution which then gave rise to peaks in
powder XRD analysis.
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Figure 3.5. Powder X-ray diffraction peaks for α- NaYF4 nanocrystals.

3.3 Results of Nucleation of NaYF4 in presence of TiO2
It has been well documented in the literature that the heterogeneous seeded nucleation on the
surface of another material is favored over homogenous nucleation in the solution. So, we inject
pre-synthesized TiO2 into the solution of NaYF4 precursors. The synthesis of α- NaYF4
nanocrystals were carried out in presence of TiO2 nanorods for 35 mins to obtain hybrid
nanocrystals since after 37 mins the rapid transition of α to β particle occurs. After washing with
isopropanol, the nanocrystals were dispersed in hexane. The morphology of nanocrystals was
determined using transmission electron microscopy. During the nucleation of α-NaYF4, the size
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and shape of TiO2 remained unchanged. The diameter of α-NaYF4 nanocrystals was determined
to be 5.1 ± 1.5 nm by using ImageJ software. So, from this reaction, hybrid nanocrystals couldn’t
be produced. Although thermodynamic consideration is a key factor in the formation of hybrid
NCs, not all experimental results can’t be explained with the thermodynamic principle. There are
other factors such as temperature, solvent, surfactants, and lattice mismatch that also control the
nucleation and growth of nanocrystals which might be preventing the formation of hybrid NCs in
this reaction.

Figure 3.6. The morphology of the nucleation of NaYF4 in presence of TiO2 nanorods was
characterized by TEM. The scale bar is 100 nm (left) and 50 nm (right).

3.3.1 Hot Injection of TiO2
It has been reported by Peng et al. the hot injection of Zn precursor in the growth solution of Ni
results formation of Ni@ZnO hybrid nanocrystals.102 Usually in a typical hot injection method
molecular precursors are injected into a growth solution at a high temperature. So, here TiO2
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dissolved in oleic acid was injected at 250°C in the solution of α-NaYF4 precursors to obtain hybrid
nanocrystals. The morphology of nanocrystals was characterized by transmission electron
microscopy (Figure 3.7). The α-NaYF4 nanocrystals start to nucleate at 250°C which was
suggested by the study by May et al.96 So, we injected TiO2 in growth solution at that temperature
so that α-NaYF4 nanocrystals could grow on the surface of TiO2 nanorods. But the size and shape
of TiO2 nanorods remained unchanged after the reaction. α-NaYF4 nanocrystals were produced
without attaching themselves to TiO2 nanorods.

Figure 3.7. TEM images of the product recovered after hot injection of TiO2 nanorods in NaYF4
precursors solution. The scale bar is 100 nm (left) and 50 nm (right).

3.3.2 Fluorine deficient Nucleation of NaYF4 in presence of TiO2
After reducing the concentration of fluorine precursor in the synthesis, α-NaYF4 nanocrystals were
synthesized in presence of TiO2 nanorods. Transmission electron microscopy was used to
characterize the nanocrystals (Figure 3.8). We hypothesize that due to presence of excess fluorine
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precursor in solution prevents the growth of α-NaYF4 nanocrystals on the surface of TiO2
nanorods. So, we reduce the concentration of fluorine precursor by 1mmol to facilitate the growth
of α-NaYF4 nanocrystals on the surface of TiO2 nanorods. The size and shape of TiO2 nanorods
remained unchanged after the reaction. α-NaYF4 nanocrystals were produced without attaching
themselves to TiO2 nanorods.

Figure 3.8. TEM images of the product formed from the fluorine deficient nucleation of NaYF4
in the presence of TiO2 nanorods. The scale bar is 100 nm (left) and 50 nm (right).

3.3.3 Nucleation of NaYF4 in presence of TiO2 for 2.5 h
NaYF4 was allowed to nucleate for 2.5 h in presence of TiO2 nanorods. The reaction time was
increased to allow more time for the growth of α-NaYF4 nanocrystals on the surface of TiO2
nanorods. After washing the nanocrystals with isopropanol, they were dispersed in hexane. Then,
to determine the morphology and crystalline nature of the nanocrystals, transmission electron
microscopy (Figure 3.9) and powder XRD (Figure 3.10) were used respectively. Different sizes
and shapes of NaYF4 nanocrystals were observed. The length and diameter of NaYF4 nanocrystals
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were determined to be 55 ± 25nm and 25 ± 10nm using ImageJ software. The third fraction of
TiO2 nanorods from the selective precipitation were used to carry out this reaction which explains
the smaller size TiO2 nanorods that were observed in the TEM images

Figure 3.9. The morphology of the nucleation of NaYF4 in presence of TiO2 nanorods for 2.5 h
was characterized with TEM. The scale bar is 100 nm (left) and 50 nm (right).

The crystalline phases of nanocrystals were determined using powder XRD (Figure 3.10). The
diffraction peaks at 29.9364°, 30.6336°, 34.7028°, 39.5116°, 43.3626°, 46.4738°, and 62.2044°
(2ϴ) belong respectively to (110), (101), (200), (111), (201), (210), and (220) planes of β-NaYF4
nanocrystals (JCPDS file 16-034). The relative lower intensity of diffraction peaks of (101), and
(004) characteristic planes of anatase TiO2 nanorods were observed.

Although we expected increasing reaction time will result in growth of α-NaYF4 on the surface of
TiO2 nanorods, our TEM and powder XRD analyses suggest the formation of β-NaYF4. The real
time monitoring of the synthesis of NaYF4 by May et al. revealed that after the temperature reaches
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300°C, it only takes 37 mins for a rapid transition of α to β particle. Lack of exposure of TiO2

nanorods to α-NaYF4 nanocrystals might be one of the reasons for hindering the formation of

hybrid NCs from this synthetic route.63
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Figure 3.10. Powder XRD pattern of β-NaYF4 and TiO2 nanocrystals after allowing the nucleation
of NaYF4 in presence of TiO2 for 2.5 h.

3.4. Results of Nucleation of TiO2 in presence of NaYF4

An experiment was designed to test the hypothesis that hybrid nanocrystals could be prepared from

a reaction containing α-NaYF4 nanocrystals and the molecular precursors for the formation of

TiO2 nanocrystals. The reaction solution contained oleic acid stabilized α-NaYF4 nanocrystals (6.1

± 2 nm), oleic acid, and titanium (IV) isopropoxide. The ratio of Ti:Y was 1:1. The reaction was
heated to 270°C for 2 hours, similar to the protocol for the synthesis of anatase TiO2 nanorods.
The product was recovered after precipitation/redispersion and analyzed with TEM, SEM, and
powder XRD. TEM data are shown in (Figure 3.11) and indicate the Formation of nanocrystals
with varying morphology. The mixture contained large rod-shape nanocrystals with widths
ranging from 15-25 nm and aspect ratio of ~2-5, irregular shaped nanoparticles with diameter ~20
nm, and smaller particles with a range of shapes that include diamond shapes, low aspect ratio
rods, and irregular polyhedra with branching block-type morphology. The latter structures have
diameters less than 10 nm within rods, diamonds, or branches. We note that diamond shapes have
been observed for anatase nanocrystals,43 and this morphology could be a preliminary indication
for the presence of anatase TiO2. The large low-aspect ratio nanorods have a similar morphology
to NaYF4 nanorods reported by Wang et al.103 However, without high-resolution TEM, those
phases were not confirmed. Interestingly, the branching block shapes are not reported for TiO2 or
NaYF4 phases. The presence of multiple nanocrystal morphologies likely indicates multiple
growth mechansims occurring within the reaction and could be consistent with multiple crystal
phases present in the sample. However, the formation of nanojunctions does not occur between
the large nanorods and the other types of particles, nor between the irregular shapes and the smaller
diameter nanocrystals. It is not clear from low-resolution bright-field TEM data whether the
branching nanocrystals are single phase or hybrid nanocrystals. More data are needed to develop
a conclusion, such as HRTEM and other methods. No attempts to separate the nanocrystals with
differing morphology, such as selective precipitation, were attempted
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Figure 3.11. The morphology of the nucleation of TiO2 in presence of NaYF4 nanorods were
characterized by TEM. The scale bar is 100 nm (left) and 20 nm (right).

Powder XRD was used to characterize the crystalline phases of the sample (Figure 3.12). The
diffraction peaks at 30.01°, 30.70°, 34.78°, 39.60°, 43.46°, 46.58°, and 62.23° (2θ) belong
respectively to (110), (101), (200), (111), (201), (210), and (220) planes of β-NaYF4 nanocrystals
(JCPDS file 16-034). The relative lower intensity of diffraction peaks of (101), and (004)
characteristic planes of anatase TiO2 nanorods were also observed. The relative higher intensity
of powder XRD peaks for the (110) plane of β-NaYF4 suggests formation of elongated β-NaYF4
nanorods.

To further study the morphology of elongated β-NaYF4 nanocrystals, SEM images were taken
(Figure 3.13). The sample was prepared for SEM study by placing one drop of product dispersed
in hexane in a silicon wafer. Due to the higher concentration of the prepared sample, a lot more
nanocrystals are observed in SEM images than in TEM images. The elongated rod-like structure
40
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Figure 3.12. Powder XRD pattern for nucleation of TiO2 in presence of α-NaYF4

TEM, SEM, and powder XRD analyses confirms the formation of β-NaYF4 nanorods and anatase

TiO2 from the reaction. Formation of heteronanojunctions between the two crystal phases was not

confirmed. EDS analysis (Figure 3.14) indicate the presence of Ti, O, Na, Y, and F. The element

ratios of Ti : O ~ 1:11 and Y: F ~ 1: 7.6 were found. Also, a peak for Si was observed because of

Figure 3.13. SEM images at scale bar 200nm of nucleation of TiO2 in presence of α-NaYF4.

The evolution study of the morphology of the NaYF4 indicates a phase transition of α to β-NaYF4
and it happens after 37 minutes of remaining in a high-temperature solution. Injecting α-NaYF4 in
OA and TTIP results formation of β-NaYF4 where oleic acid acts as a growth medium for this
rapid transition. Although the formation of anatase TiO2 is observed from the synthesis, the usual
long TiO2 nanorods that were produced previously were absent. Also, the rapid phase transition of
NaYF4 might be preventing the formation of heterojunctions between α- NaYF4 and TiO2
nanocrystals.
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Figure 3.14. Electron image at scale bar 500nm of nucleation of TiO2 in presence of α-NaYF4 and
EDS analysis of nucleation of TiO2 in presence of α-NaYF4.

3.5 Solid-state reaction between TiO2 nanorods and α-NaYF4 nanocrystals.
After evacuating hexane from both TiO2 nanorods and α-NaYF4 nanocrystals, solid-state reactions
were performed at five different temperatures. The morphology of TiO2 nanorods and α-NaYF4
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nanocrystals remains unchanged after the solid-state reaction between TiO2 nanorods and α-NaYF4
nanocrystals at 100°C suggesting that hybrid nanocrystals weren’t produced during the reaction.
The size and shape of TiO2 nanorods remain unchanged but α-NaYF4 nanocrystals look like hollow
nanosphere at 150°C of solid-state reaction. Hybrid nanocrystals did not form from this reaction.
The formation of hollow α-NaYF4 nanocrystals was also observed at 200°C while the morphology
of TiO2 remains unchanged. The formation of hollow α-NaYF4 continues at both 250°C and 300°C
in presence of TiO2 nanorods.
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Figure 3.15. TEM images of solid-state reaction between TiO2 nanorods and α-NaYF4
nanocrystals a) at 100°C, b) at 150°C, c) at 200°C, d) at 250°C, and e) at 300°C. The scale bar is
100 nm (left) and 50 nm (right) for a), and d). The scale bar is 100nm (left) and 20nm (right) for
(b). The scale bar is 100 nm for c). The scale bar is 50nm for e).

To characterize the crystalline phases of hollow α-NaYF4, powder XRD analysis was performed.
The characteristic planes (111), (220), and (311) of α-NaYF4 nanocrystals were observed at 28.34°,
46.84°, and 55.38° (2ϴ) respectively (JCPDS file 77-2042). Also, lower intensity peaks at 25.55°
and 38.30° (2ϴ) were observed for (101) and (004) planes of anatase TiO2.
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Figure 3.16 Powder X-ray diffraction pattern of solid-state reaction between TiO2 nanorods and
α-NaYF4 nanocrystals at 300°C.

Previously, it has been reported by Suriyaraj et al.104 that all phases of TiO2 adsorbed fluoride ions
from the solution. Among various phases of TiO2, the anatase phase of TiO2 showed the strongest
ability to adsorb fluoride ions. In our solid-state reactions at high temperatures, transfer of fluoride
ions to anatase TiO2 might be occurring resulting formation of hollow α-NaYF4 nanocrystals.
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Chapter 4 – Conclusion

Our investigation of synthetic routes for hybrid NaYF4-TiO2 nanocrystals lead to the conclusion
that we couldn’t produce hybrid nanocrystals readily. Although our attempts to synthesize hybrid
nanocrystals were unsuccessful, several interesting features were observed during our synthesis.

Cozzoli et al.105 reported the formation of brookite TiO2@Fe3O4 hybrid nanocrystals where the
TiO2 was pre-synthesized and injected into the iron oxide precursors solution. The TiO2 seeds
acted as substrate catalysts where iron oxide nanoparticles grew. In this study, the heterogeneous
nucleation over a predetermined surface site was preferred in the formation of hybrid nanocrystals.
The nucleation of α-NaYF4 in presence of TiO2 failed to produce hybrid nanocrystals. Our
reasoning for attempting this reaction was that since the tips or polar facets of rod-shaped NCs
have significantly higher reactivity, a second material could nucleate at those sites. We also played
with several reaction conditions such as injecting TiO2 at the nucleation time of α-NaYF4, reducing
the concentration of fluorine precursor, and increasing the reaction time to facilitate the nucleation
of α-NaYF4 on the tips of TiO2. But none of the different reactions showed any positive results.
The higher reaction temperature might be one of the reasons hindering the formation of hybrid
nanocrystals. But lowering reaction temperature isn’t an option since the formation of TiO2 and αNaYF4 occur only at high reaction temperature. Also, the rapid transition of α to β particles is
another reason that limits synthetic flexibility to obtain hybrid nanocrystals.

The nucleation of TiO2 nanorods in presence of α-NaYF4 nanocrystals produced nanocrystals with
varying morphology. The mixture contained large rod-shaped nanocrystals, irregularly shaped
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nanoparticles, and smaller particles with a range of morphologies, such as diamond shapes, low
aspect ratio rods, and irregular polyhedra with branching block-type morphology. The presence of
nanocrystals of different sizes and shapes indicates that the reaction is undergoing various growth
mechanisms. The formation of hybrid nanocrystals couldn’t be observed between these
nanocrystals with varying size and shape from low resolution bright-field TEM data. Powder XRD
analysis reveals that the large nanorods are β- NaYF4. Since the α-NaYF4 phase is a metastable
state, injecting α-NaYF4 nanocrystals with oleic acid which acts as a growth solution for α-NaYF4
nanocrystals facilitates the formation of a more stable β-NaYF4 phase. More characterization
technique such as High-Resolution TEM data of nanocrystals with varying morphology are needed
to draw a conclusion.

Because hollow particles have a higher surface area, they have a variety of applications in the field
of catalysts, sensors, drug delivery carriers, and adsorbents. Previously, there has been reporting
of synthesis of hollow α-NaYF4 particles by Han et al.106, Zhang et al.107, and Yang et al.108 via
the solvothermal method, ion-exchange process, and hydrothermal method respectively.
The solid-state reactions at a higher temperature between α-NaYF4 nanocrystals and TiO2
nanorods produce hollow α-NaYF4 nanocrystals. One of the reasons that might be causing the
formation of hollow particles is the transfer of fluoride ions to TiO2 nanorods because anatase
TiO2 have a high affinity for fluoride ions.

Although the engineering of hybrid NCs with metal oxides intends to bring up exciting
technological possibilities, the synthesis of hybrid NCs is extremely complicated. On one hand,
the thermodynamic and kinetic mechanisms that govern the size and shape growth of constituent
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domains in various materials must be properly managed. On the other hand, the ability to
balance the surface–interface energy in solution is required for the formation of inorganic junctions
among nanocrystals with higher lattice mismatch.
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